Aims/hypothesis The aim of the study was to determine the loss of muscle volume in the lower leg and foot in longterm diabetic patients in relation to the presence of neuropathy. Methods We re-examined 26 type 1 diabetic patients who had participated in magnetic resonance imaging (MRI) studies on muscle volume in the lower leg and foot 9 to 12 years earlier. Re-examination involved MRI, isokinetic dynamometry, clinical examination, electrophysiological studies and quantitative sensory examinations. Results Annual loss of muscle volume of ankle dorsal and plantar flexors was 4.5 (5.5-3.9)% (median [range]) and 5.0 (7.0-4.2)% in neuropathic patients, 1.9 (3.2-1.0)% and 1.8 (2.6-1.3)% in non-neuropathic patients, and 1.7 (2.8-0.8)% and 1.8 (2.4-0.8)% in controls, respectively (p<0.01). Annual change of volume and strength correlated for ankle dorsal flexors (r s =0.73, p<0.01) and for ankle plantar flexors (r s =0.63, p<0.05) in diabetic patients. In addition, annual change of muscle volume for dorsal and plantar flexors was related to the combined score of all measures of neuropathy (r s =−0.68, p<0.02 and r s =−0.73, p<0.01, respectively). Foot muscle volume declined annually by 3.0 (3.4-1.0)% in neuropathic patients and by 1.1 (4.0-0.2)% in non-neuropathic patients, both values being significantly different from controls (0.2 [−2.5 to 2.4]%). Loss of foot muscle volume was related to severity of neuropathy assessed at clinical evaluation (r s =−0.6, p<0.05). Conclusions/interpretation Muscular atrophy in long-term diabetic neuropathy occurs early in the feet, progresses steadily in the lower legs, relates to severity of neuropathy and leads to weakness at the ankle.
Previous studies have shown reduced strength in the lower extremities in neuropathic diabetic patients [5, 6] . Recently, a follow-up study found muscle weakness to be progressive in symptomatic neuropathic patients during a 7 year period [7] . Combining magnetic resonance imaging (MRI) with stereological principles for volume analysis, we have demonstrated atrophy of distal muscles of the leg and the foot in diabetic patients with polyneuropathy [8, 9] . These findings have been confirmed by other study groups in MRI studies evaluating diabetic feet [10, 11] .
The underlying cause of muscular atrophy in DPN is thought to be a continuous loss of motor axons, which in combination with insufficient reinnervation [12] results in denervation of muscle fibres. As muscle strength deteriorates in patients with DPN, we hypothesised that muscular atrophy would also progress. The present report is a longitudinal MRI study of diabetic patients previously evaluated in two cross-sectional studies. In the first of those studies atrophy of dorsal and plantar flexors of the lower leg occurred in neuropathic patients [8] ; in the second, reduced intrinsic foot muscle volume (FMV) was found in patients with DPN [9] . We now report the progression rate of atrophy of lower leg and foot muscles in the same group of patients studied 9 to 13 years previously, using the same methods as applied initially.
Methods

Patients and control participants
All 16 type 1 diabetic patients (eight non-neuropathic, eight symptomatic neuropathic patients) who participated in a cross-sectional MRI study of muscle volume of the leg from 1994 to 1995 (Leg study) and all 23 type 1 diabetic patients (15 non-neuropathic, eight with chronic neuropathy) who participated in a cross-sectional MRI study on FMV in 1997 (Foot study) were identified for follow-up [6, 8, 9] . Patient files were re-examined and patients were excluded if they had developed any disorder since the first examination that could interfere with motor performance apart from DPN. The remaining patients and their individually matched control participants received a written study invitation. If no answer was returned, a second and final invitation was sent.
Of the 16 patients in the Leg study, two had died, one had a metal object in the foot contradicting MRI and one did not wish to participate. These four patients were all neuropathic. In the Foot study, four of the initial 23 patients were excluded (stroke [one] , inclusion body myositis [one] , severe ischaemic heart disease [one], and metal object [one] . Three patients did not wish to participate and two patients had died. This left 12 patients (eight nonneuropathic, four neuropathic) for follow-up in the Leg study and 14 (seven non-neuropathic, seven neuropathic) for follow-up in the Foot study. The minimal criteria for diabetic neuropathy used in the initial studies were also applied for follow-up [6, 8, 13] .
Care was taken to include the same matched control participants as in the initial studies. In the Leg study four control participants initially matched with non-neuropathic patients could not be re-evaluated as three had developed disorders possibly interfering with motor performance (injury of the ankle ligaments [one], thrombophlebitis [one], breast cancer [one]) and one refused to participate. In the Foot study one control participant was excluded due to hip-replacement surgery, one had died, one had developed polyneuropathy and one could not be located. These control participants were replaced with other controls with similar anthropometric data from the same initial study. All participants gave informed consent to the study, which was approved by the local ethics committee.
MRI
All MRI scans were performed with a Philips Achieva 1.5 T (Best, the Netherlands). Conventional T1-weighted fast spin-echo (TSE) sequence using 5 mm cross-sectional magnetic resonance images was applied for MRI of the leg (echo time=25 ms, repetition time=550 ms, field of view 200×200 mm) and 4 mm cross-sectional magnetic resonance images were applied for MRI of the foot (echo time=20 ms, repetition time=540 ms, field of view 250× 250 mm). A 256×256 matrix and two excitations were applied. All images were converted to digital pictures for analysis on a PC (Fig. 1 ).
Muscle volume estimation
Muscle anatomy of the leg and foot was defined using the same standards as in the initial studies [8, 14] , with exactly the same stereological counting techniques being applied [15] using software designed for stereological analysis (NewCast, version 2.12.1.0; Visiopharm, Hoersholm, Denmark). The observer was blinded to the identity of all MRI images. The methods applied for volume estimation of the muscles of the leg and foot are described in detail elsewhere [8, 9] .
Isokinetic dynamometry
Maximal isokinetic strength of knee extensors and flexors and of ankle dorsal and plantar flexors of the nondominant leg was determined using the same isokinetic dynamometer and testing procedures as in the initial studies [5, 16] .
Clinical examination
The patients were examined by a neurologist and evaluated according to the neuropathy impairment score (NIS; range 0-222) [17] and neuropathy symptom score (NSS; range 0-17) as applied in the initial studies. NIS is a combined score obtained from the neurological examination of muscle weakness, activity of tendon reflexes and sensation of the great toe and index finger. NSS includes motor, sensory and autonomic symptoms.
Studies of blood samples, sensory detection thresholds, nerve conduction and retinopathy In all patients a blood sample was analysed for blood glucose, HbA 1c , creatinine and carbamide levels using standard laboratory methods. To evaluate renal function, a sample of first-void urine was analysed for albumin and creatinine and the urinary albumin/creatinine ratio calculated.
Vibratory perception thresholds (VPT) were determined at the dominant index finger and the non-dominant great toe using the same equipment (CASE IV; WR Medical Electronics, Stillwater, MN, USA) and algorithm [18] as previously.
Nerve conduction studies were performed using standardised transcutaneous stimulation and recording techniques and an electromyograph (Keypoint; Medtronic, Copenhagen, Denmark) with standard filter settings [19, 20] . Motor nerve conduction velocity (MNCV) and response amplitudes of compound motor action potential (CMAP) were measured in the dominant forearm segment of the median (elbow to wrist) nerve and in the nondominant leg segment of the peroneal (below capitulum to ankle) nerve in both studies. In addition, sensory nerve conduction velocity (SNCV) of the dominant median nerve (wrist to index finger) and of the non-dominant sural nerve was measured with anti-dromic activation in the Leg study. We calculated z scores for all MNCVs in both studies and for the amplitude of the CMAPs in the Foot study.
Retinopathy status was determined within 6 months of the MRI at the Department of Ophthalmology, Aarhus University Hospital and rated according to the International Clinical Diabetic Retinopathy Disease Severity Scale [21] .
Definitions, calculations and statistical analyses
Change in muscle volume and muscle strength was calculated and expressed as a percentage of the initial value. As time between the two examinations was not identical for all participants, change of muscle volume was expressed as an annual rate.
To rank patients according to peripheral nerve function, a neuropathy rank-sum score (NRSS) was calculated for each patient in both follow-up studies, adding the rank scores for the NSS, NIS, VPTs and NCVs. The VPTs were ranked on the basis of the sum of the two percentiles obtained. In the Leg study, SNCVs of the median and sural nerves were included in the NRSS. In the Foot study amplitudes of the CMAPs were included in the NRSS and their z scores used for ranking. In both studies the z scores of the MNCVs of the median and peroneal nerves were included.
Values for muscle volume, muscle strength, electrophysiological data, perception thresholds and clinical scores were not normally distributed and therefore the WilcoxonMann-Whitney test was applied for all comparisons. The Kruskal-Wallis test was applied for comparisons of the nonneuropathic diabetic patients, the neuropathic diabetic patients and the control group. To estimate associations between various variables Spearman's rank correlation was applied. Changes of various measures of neuropathy during follow-up were tested using a Wilcoxon signed rank-test. Demographic data were compared using an independent samples t test. For all statistical analyses a 5% limit of significance was applied. STATA software (version 9.2; Statacorp, College Station, TX, USA) was used for all analyses. 
Results
Leg study
Demographic data, duration of diabetes and follow-up interval are presented in Table 1 . The follow-up period was 12.6 (11.8-12.8) years (median [range]) for diabetic patients and 12.6 (12.6-12.9) years for control participants. Diabetes duration was 42.1 (32.6-45.8) years. Age, weight, height, follow-up interval and diabetes duration did not differ between study groups.
Clinical findings, nerve conduction, vibratory perception and muscle strength NIS and NSS at the initial study were similar for participating and non-participating neuropathic patients. Both at the initial study and at follow-up, NIS and NSS differed between participating neuropathic and nonneuropathic diabetic patients (Table 2) . Of the eight initially For the sural and peroneal nerves no response could be recorded in any of the neuropathic patients at follow-up.
VPTs were abnormal (VPT ≥98th percentile) at both the index finger and the great toe in three neuropathic patients and in one non-neuropathic patient.
Annual loss of strength of knee extensors and flexors, and ankle dorsal and plantar flexors was more severe in neuropathic patients (−2. Annual change of muscle strength did not differ between non-neuropathic patients and controls.
Muscle volume Muscle volume at the initial study was similar in diabetic patients with or without neuropathy, with a tendency for plantar flexor volume to be smaller in neuropathic patients than in controls (p=0.056; Table 3 ). At follow-up, volume of both dorsal and plantar flexors was lower in neuropathic patients than in controls and nonneuropathic patients (Table 3) . Correspondingly, atrophy of dorsal and plantar flexors was greater in patients with neuropathy than in patients without neuropathy and in controls (Fig. 2, Table 3 ). During the total follow-up period neuropathic patients lost 57% of dorsal flexor volume and 66% of plantar flexor volume, whereas controls lost 21% and 20%, respectively, and non-neuropathic patients 24% of each (p<0.01).
Annual loss of muscle mass was related to NRSS at follow-up for dorsal as well as for plantar flexors (Fig. 3a,  b) . Furthermore, the annual loss of muscle volume for dorsal and plantar flexors was related to NIS at the initial study (r s = −0.88, p < 0.001 and r s = −0.93, p <1×10 −5 , respectively) and to NIS at follow-up (r s =−0.63, p<0.05 and r s =−0.66, p<0.05, respectively). No relationship could be established between annual change in muscle volume and change in NIS, duration of diabetes or MNCV and amplitude of the CMAP of the peroneal nerve. A close relationship was found between annual loss of muscle volume and annual loss of strength for dorsal as well as for plantar flexors (Fig. 4a, b) .
Intrinsic Clinical findings, nerve conduction, vibratory perception and muscle strength The NSS at the initial study was better NSS and NIS at the initial study and at follow-up are presented in Table 2 . In the initial group with neuropathy, four patients experienced an increase in NSS, whereas NSS improved in one patient from 1 to 0. Three patients initially without neuropathy each developed one symptom of neuropathy. Two initially neuropathic patients complained of muscle weakness and unsteady gait. Clinical signs of muscle weakness were found in these two patients and in one other initially neuropathic patient. Change in NIS was not significantly different between neuropathic and nonneuropathic patients.
MNCV of the median nerve in neuropathic patients was slower in the initial study and at follow-up (p<0.05). A decrease in CMAP of the peroneal nerve occurred in neuropathic patients (p<0.05). VPTs were abnormal (VPT ≥98th percentile) at both the index finger and the great toe in four neuropathic patients.
Annual loss of strength for ankle dorsal flexion was Muscle volume In all diabetic patients annual change in FMV differed from that observed in controls (p<0.001; Table 3 ). Annual decline of FMV in non-neuropathic and neuropathic patients exceeded that found in control participants (Fig. 5a ). No significant difference was found between the two patient subgroups (p=0.18). Total change of FMV during the follow-up period is presented in Table 3 . Volume of the entire foot was similar in diabetic patients and controls (p=0.8).
A relationship was found between the annual loss of FMV and NIS at time of the initial study (Fig. 5b) . Annual loss of FMV was not related to initial NRSS, NRSS at follow-up, NIS at follow-up, annual change of NIS or diabetes duration. No correlation was established between annual loss of FMV and change in muscle strength at the knee or ankle. MNCV and amplitude of the CMAP of the peroneal nerve showed no relation to annual decline of FMV.
Discussion
Diabetic patients with polyneuropathy have reduced volume of leg and foot muscles closely related to the degree of neuropathy [8, 9] . The present follow-up studies provide new insights into the progression of muscle dysfunction in diabetes in relation to neuropathy. Nerve function declines with diabetes duration [22] leading to denervation and loss of muscle strength in patients with neuropathy [7] . In the present study we have shown that muscle volume in the lower leg was more than halved during an observational period of 13 years in type 1 diabetic patients with severe neuropathy and that in patients with a milder degree of neuropathy one fifth of the foot muscle volume was lost over a decade. Our findings support the hypothesis that the progressive loss of muscle strength seen in neuropathic patients is due to accelerated muscular atrophy.
Magnetic resonance imaging was not performed with the same MRI scanner as used in the initial studies, but exactly the same scanning protocols were followed. Data from estimation of FMV in the initial study in 1997 were compared with the results of a re-analysis of the initial magnetic resonance images, revealing a difference of only 0.17% (p=0.96; C. S. Andreassen, unpublished results). Since all stereological analyses of magnetic resonance images from the initial and present studies on muscle volume in the lower leg and the foot were performed by the same observer (C. S. Andreassen) at follow-up, an even smaller variability than the reported inter-observer variability can be expected.
As suggested by Greenman et al. [11] , a difference in foot size might introduce bias. Thus if the diabetic patients have smaller feet, this will result in smaller muscle volume. We therefore calculated the total foot size, but no difference was found between healthy control participants and diabetic patients (Table 3) . In this study, foot size had no influence, as change in muscle volume depends only on the relationship between the measured values in the initial study and at follow-up.
Reduced size of foot muscles using MRI has been reported by Greenman et al. [11] and Bus et al. [10] , who calculated the ratio of muscle/total foot from one crosssectional image. Their results are in accordance with the lower muscle volumes observed in patients with and without neuropathy in this study.
Volume estimations based on MRI can be affected by geometric distortions and thereby lead to errors in area measurements [23] . The degree of distortion is related partly to the performance of the imaging hardware (magnetic field homogeneity and gradient linearity) and partly to the magnetic properties of the imaged object. The 1.5 T MR system used was monitored regularly (periodical image quality test-data, Philips Achieva, 28 September 2007) to ensure that homogeneity was below 1 part per million. Also, we used a TSE sequence to reduce objectinduced distortion. Furthermore, to attenuate system-and object-induced distortion, high read-out bandwidth was applied and the field of view was kept reasonably small.
The number of patients was small in both studies and a substantial proportion (25-35%) was lost to follow-up. In the Leg study, patients lost to follow-up had similar baseline data to those participating; therefore, the patients evaluated at follow-up would seem to be representative of the study population. However, the neuropathic group consisted of men only, so there could be a sex-related difference. In the Foot study, NSS and NIS were higher in the non-participating patients, of whom eight out of nine were neuropathic. Thus at follow-up patients with milder degrees of neuropathy were over-represented, probably leading to underestimation of loss of muscle volume in the feet of neuropathic patients.
The participants in our study were not examined for peripheral arterial disease (PAD) of the lower extremities. However, in the initial studies and at follow-up patients were excluded if they had symptoms or a history of PAD. PAD has been related to decreased muscular function in the lower extremities in non-diabetic [24, 25] and type 2 diabetic patients [26] . The impairments observed in PAD patients were much smaller than those found in diabetic patients [5, 8] ; furthermore, the PAD patients studied were older, had a higher BMI and suffered severe comorbidities. In a study of type 2 diabetic patients with PAD [26] neuropathy was not sufficiently evaluated and might, therefore, explain the motor dysfunction observed, a finding supported by another study on muscle function in type 2 diabetes [27] . Though none of our participants had symptoms or a history of PAD, measurement of the ankle brachial index would have allowed us to exclude the influence of this potential confounder.
No correlations could be established between the rate of muscular atrophy and nerve conduction variables or VPT. Due to the design of the initial studies, only patients originally either with or without neuropathy were included at follow-up, resulting in a lack of data for the peroneal nerve, as no response could be obtained in three of the four neuropathic patients in the Leg study and in two neuropathic patients in the Foot study. These relationships might have been established if patients with lesser degrees of neuropathy had been included in the initial studies.
Several studies have demonstrated motor abnormalities during early stages of DPN using electromyography [28, 29] , and also that loss of muscle strength is closely related to signs of reinnervation following axonal loss [12] . In diabetic patients without clinical signs of neuropathy, early motor neuropathy has been detected by invasive muscle fibre conduction velocity (MFCV) testing [30] . MFCV slowing due to muscle fibre atrophy is related to chronic and acute nerve lesions [31, 32] . The patients in our study were not examined using electromyography or MFCV testing, which would have added valuable information about the underlying cause of the observed muscular atrophy. However, an earlier electromyography study from our laboratory has indicated that insufficient collateral reinnervation is involved in loss of muscle strength [12] .
The natural history of DPN has been described in largescale long-term follow-up studies. Progressive deterioration of nerve conduction variables, autonomic tests, sensory detection thresholds and clinical examination scores can be slowed or prevented by tight glycaemic control [22, 33, 34] . To our knowledge, there is only one follow-up study on diabetic muscle mass and strength including older type 2 diabetic patients, but the participants were not characterised with respect to degree of neuropathy [27] . The present study and our previous study on muscle strength [7] are the only ones on motor function in diabetic patients in relation to neuropathy.
Muscle volume decreased by 1.6% per year in control participants in the Leg study, while FMV was unchanged in controls in the Foot study. It is well-known that sarcopenia occurs approximately from the age of 50 years [35] and preferentially affects fast-twitch fibres [36] . The plantar flexors consist mainly of slow-twitch fibres [37] and consequently it seems unlikely that a difference in muscle fibre distribution could explain our observations. As far as we know, no follow-up study has been performed on foot muscles. FMV remained stable throughout the follow-up period in controls, one explanation being that the size of foot muscles is relatively constant once they reach optimal functional size. We found no relationship between alterations in leg muscle volume or intrinsic muscle strength and age in controls such as those described by others [38] , possibly due to the small number of participants examined in our study.
Disuse atrophy can contribute to accelerated loss of muscle volume [39] . This, however, probably plays a minor role in our study, as all patients were able to walk, managed normal activities of daily living and had stable body weight.
Intrinsic muscle strength (muscle quality) was similar in healthy control participants and diabetic patients in the present study. This is in contrast to the study by Park et al., who observed a small but significant difference in intrinsic muscle strength in a large group of older type 2 diabetic patients using dual-energy x-ray absorptiometry (DEXA) to evaluate muscle mass [40] . Overestimation of muscle mass by DEXA could account for the lower muscle quality observed [41] , as could increased fat infiltration of the muscle, which is found more frequently in type 2 diabetic patients [42] . Analysis of magnetic resonance images allows exclusion of fat and fibrous tissue within muscle compartments. However, MRI is far more time-consuming and expensive than DEXA and therefore not suitable for large-scale studies.
The annual loss of muscle strength for ankle plantar and dorsal flexors is 3% in patients with symptomatic neuropathy [7] . In the present study, however, annual loss of strength was approximately 6%. This discrepancy can be explained by the more severe degree of neuropathy found in the neuropathic patients in the present study (NIS 55 vs 22, present vs previous study [7] , respectively).
Finally, the reported values on muscular atrophy are an average based on two cross-sectional studies separated by a long follow-up period and may therefore simplify the pathological process observed.
In conclusion, long-term diabetic patients with severe neuropathy experience accelerated muscular atrophy of the lower leg and foot, leading to loss of muscle strength. In addition, an increased rate of muscular atrophy occurs in the foot in non-neuropathic patients, suggesting that motor dysfunction arises in subclinical neuropathy. Future prevention of muscular atrophy is important for helping avoid lower leg muscle weakness, poor walking performance [43, 44] and probably also development of foot ulcers [10, 45] .
